SUMMARY A simplified method for the analysis of both the glyceride-rich Sf 20-1 O5 and the cholesterol-rich St 0-20 lowdensity lipoproteins is presented. It consists of serum lipoprotein fractionation by preparative ultracentrifugation and subsequent quantitative analysis by refractometry. Comparison of this technique with the technically more difficult analytic ultracentrifugal methodology reveals comparable results for these two principal low-density lipoprotein groups. The relationships between these lipoproteins and the serum levels of total lipids, glycerides, total cholesterol, and phospholipids are also presented. One of the advantages of this procedure is that it provides a reliable and reproducible means for quantifying the principal glyceride-bearing lipoprotein group-the Sf 20-1 Oh lipoproteins.
T H E CONCENTRATIONS of serum cholesterol and serum glycerides in large part are reflected by the circulating levels of the low-density lipoproteins. Much of the available ultracentrifugal data (1, 2) on these low-density lipoproteins has been given for four lipoprotein groups :
the Sr 0-12, Sf 12-20, Sr 20-100, and Sf 100-400. However, from the point of view of metabolic behavior and response to dietary or pharmacological manipulation, these four lipoprotein classes may be appropriately grouped into two categories -the Sf 0-20 and Sf 20-400. On the basis of hydrated density, these lipoprotein classes may be described as low-density (1.006-1.050 g/ml) and very low-density (0.92-1.006 g/ml) lipoproteins, respectively. The former represent the principal cholesterol-bearing lipoproteins and the latter the major glyceride-bearing lipoproteins.
Unfortunately, the complete ultracentrifugal determination (3) of the low-density lipoprotein spectrum, although it provides intrinsically more information than the method presented here, suffers from the fact that such analysis is both expensive and technically difficult. By far the greatest difficulty is in the final analytical ultracentrifugal analysis itself and not in the preparation stage of lipoprotein isolation, which is a comparatively simple procedure. The following method, a refinement of a previous procedure ( 4 ) , avoids the complexity of analytical ultracentrifugation by employing instead a relatively simple, accurate, and reproducible refractometric analysis of the low-density lipoprotein fractions obtained by preparative ultracentrifugation.
METHODS
All preparative runs were made at 18' in a Spinco Model LH ultracentrifuge equipped with a "vacuum sentinel" (5) to eliminate the risk of sample loss due to vacuum failure. Isolation of lipoproteins was accomplished after 18 hr centrifugation at 40,000 rpm in a 40.3 rotor. For each lipoprotein-containing sample, two fractions were pipetted from the top of the tube: the top milliliter, containing all of the lipoprotein fraction, and the second milliliter, which provided a protein-and lipoprotein-free salt reference (or "background") solution for that sample. Pipetting was done in a darkened room on a fixture equipped with a focused light beam allowing visualization of the lipoproteins by their Tyndall scattering. Fractions collected in standard 1 -ml volumetric vials were transferred for storage into 9-ml air-tight screw-cap vials (No. 60910, Owens-Illinois, Toledo 1, Ohio) fitted with Teflon gaskets. Because of potential evaporation and condensation within each lipoprotein-containing vial, it is essential for optimal accuracy that refractive index determinations be made as soon as possible after the frac-tions are collected (within 4 to 6 hr). Storage at room temperature prior to refractometric analysis is recommended. Refractive index measurements were made with a Bausch and Lomb Precision AbbC Refractometer (G), with a range of nD from 1.203 to 1.508, thermostated to 26.00 f 0.02' with a circulating water bath temperature controller (Precision Scientific Co., Chicago, Ill.).
In essence, this method consists in isolating by prepara tive ultracentrifugation two lipoprotein fractions from each serum sample. The first fraction is the glyceriderich, very low-density lipoproteins (VLD) less dense than 1.006' g/ml (this corresponds approximately to the Sf 20-105). The VLD lipoproteins are obtained ultracentrifugally without prior density manipulation of serum. For this purpose, 6 ml of serum is directly centrifuged for 18 hr at 40,000 rpm. With regard to density adjustments, serum may be considered to be 94% by volume a salt solution (primarily NaCl) of density 1.0065 g/ml. If 6 ml of serum is unavailable for the VLD fractionation, the difference between the available serum and the recommended 6 ml capacity of the preparative tube is made up with an appropriate volume of a 0.202 molal2 solution ( p~o = 1.0065 g/ml).
The total low-density lipoprotein fraction (Sf 0-105) or TLD fraction is obtained by centrifuging for 18 hr at 40,000 rpm a solution consisting of 3 ml serum and 3 ml of a 3.278 molal NaCl salt solution (p20 = 1.1168 g/ml). The "background" 1.742 molal NaCl solution resulting from the use of the above volumes serves as the reference "background" solution to which all TLD runs must be brought. Thus, if only 2 ml serum is available, a salt solution of the required density is obtained by first adding 0.94 ml of a 0.202 molal NaCl solution to the 2 ml of serum. Then, by adding 3 ml of the 3.278 molal NaCl salt solution to this mixture, the final "background" salt solution will be the same as that resulting from mixing 3 ml serum and 3 ml 3.278 molal NaC1. I t should be pointed out that this density, 1,0651 g/ml, is the solution density before preparative ultracentrifugation and is equal to 1.0630 g/ml at 26'. Since the TLD preparative tubes weigh approximately 0.4 g more than the VLD preparative tubes, they must be appropriately arranged to achieve rotor balance if run together.
During preparative centrifugation, appreciable salt redistribution occurs from the top to the bottom of the preparative tube. The extent of this redistribution is dependent upon the nature and concentration of the salt as well as the time and conditions of ultracentrifugation. Under the conditions of this method, the redistribuUnless otherwise indicated, all densities are given at 20 ' . * Solutions are given in molal concentrations (moles/l000 g HzO) to avoid temperature dependence. tion of salt for both the VLD and TLD runs are shown in Fig. 1 . Thus, the density of the salt background solution in the top 1 ml of the VLD run falls from approximately 1.0065 g/ml to 1.0061 g/ml and the density of the top 1 ml of the TLD run is reduced from approximately 1.0651 g/ml to 1.0621 g/ml. It is essential to take fully into account this salt distribution if lipoprotein concentrations are to be measured accurately.
The actual calculations of liproprotein concentrations are made using the following relationship :
Lipoprotein concentration, mg% = K1 X 1,000 Co X S.R.I. Table 1 ) and 0.00154 for TLD runs. As used here, S.R.I. is the increase in refractive index of the indicated salt solutions resulting from the presence of 1 g lipoprotein/100 ml solution, measured at 26'.
A water reference reading is essential before and after each set of refractometric readings, and it is further recommended that additional water readings be taken after every tenth sample reading. The contribution of the salt solution present in the centrifuged top fraction is evaluated from measurements on the second milliliter fraction from both the VLD and TLD runs. Refractometry on these fractions allows calculation of the "background" refractive index of the top milliliter aliquots from each individual VLD and TLD run.
Experimentally, the ratio of the refractive index increment (above the water reference) of the first milliliter to the second milliliter, V I o / V~' , for both the T L D and VLD salt reference runs as described here, was 0.985. Thus, multiplying the refractive index increment of the respective second milliliter reference fractions by 0.985 yields, in each case, the refractive increment of the "background" salt solution of the lipoprotein-containing fraction. Further, if pipetting difficulties occur, as when large amounts of lipoproteins are present, a pooled first and second milliliter lipoprotein fraction can be taken, together with a third milliliter reference fraction. In this case, the ratio of V,n/V,2 for the salt background solution refractive increment is approximately 0.975 for both the TLD and VLD runs. In all cases, the concentration of lipoproteins is obtained from the difference in refractive index increment (above the water reference) of the lipoprotein-containing fractions and the calculated refractive increment for its appropriate salt "background."
Probably the most convenient and accurate refractometric analysis of small quantities of solution can be made with a precision AbbC refractometer, temperaturecontrolled to at least 0.1 O. The readings should be made at constant temperature somewhat above that of room temperature, in this procedure at 26.0'. In this method, readings should be made in a manner so as to take full advantage of the accuracy of the precision AbbC, with scale readings estimated to the nearest 0.005 units. Over the range of measurements, relative accuracy of refractive index measurement^,^ with proper care, can be made to within approximately =k0.00003 refractive I A photoelectric sensing device can be used more effectively to __-index units. An ordinary Abbt refractometer cannot give sufficient accuracy for this method. A Pulfrich refractometer (7), of course, can provide somewhat greater accuracy of measurement than the Abbe. Because of its convenience and because it is adequate for the purpose, the precision AbbC is recommended.
Refractometry should be done using only one drop of the lipoprotein fraction by taking the "reflection" reading. We have found this to be the most favorable technique for the analysis of turbid lipoprotein fractions as obtained from lipemic sera. Also, nearly all the fraction is then available, if desired, for other lipid analyses. With a capillary pipette, the drop of lipoprotein solution is placed slightly above the center of the outer groundglass prism and the prism closed immediately. Thereafter, a time delay of exactly 1 min between application of the sample and taking the refractometric reading is recommended. This time is sufficient for approximate temperature equilibration but insufficient to allow any significant evaporation. After each reading, the surfaces of the opposing prisms are thoroughly washed by directing a stream of about 50 ml of distilled HzO against them and wiping unidirectionally with a nonabrasive wiper (Type 900-S, Kimberly Clark Corp., Neenah, Wisconsin). The use of a polyethylene washing bottle is recommended to avoid scratching the prism surfaces. T o further insure completely dry prisrn surfaces, an unheated air stream is directed for 5 sec into each prism surface using a hair dryer (Model 202, Oster Mfg. Co., Milwaukee, Wisconsin).
Since no data were available on the specific refractive increment (S.R.I.) of the VLD lipoproteins in 0.192 molal NaC1, it was considered necessary to evaluate this S.R.1 . experimentally. VLD lipoprotein fractions were prepared from five normal non-fasting males as prtviously described. Refractive index measurements were made on these lipoprotein samples and their corresponding second milliliter of salt "background" solutions. Duplicate samples, approximately 0.5 ml each, of the lipoprotein fractions and their salt "backgound" solutions were weighed, blown down under N2 for 30 min at 60° to remove nearly all H20, and dried to constant weight over P20s in a vacuum oven at 80' (8) . Samples were weighed to approximately +0.05 mg using a Mettler H-16 semimicro analytical balance. In determining the actual weight of the lipoproteins, the salt "background" present in each lipoprotein sample was corrected for sedimentation of the salt and for volume occupied by the lipoproteins. A specific refractive increment of 0.00154 units (9, 10) is used for the T L D Total serum lipids were determined by gravimetric analysis, following extraction patterned after Sperry and Brand (1 1). Phospholipids were determined from the total lipid infrared spectrogram (1 2). Cholesterol esters and glycerides were simultaneously determined (1 3) in the neutral lipid fraction after phospholipid adsorption on silicic acid. Total serum cholesterol was calculated from total cholesterol esters using a factor of 0.791. This calculation assumes a mean molecular weight of 650 for serum cholesterol esters and that 75% of the total serum cholesterol is present as cholesterol esters. All infrared analyses were made using a PerkinElmer Model 421 grating spectrophotometer. Table 1 presents the results of five duplicate determinations of specific refractive increments as determined with NaD light for the VLD lipoproteins in 0.192 molal NaCI. The mean S.R.I. and standard error of measurement (five duplicate analyses) was 0.00158 f 0.00003 units (An/g/100 ml). The range of lipoprotein concentrations studied was from 4.88 mg/ml to 32.61 mg/ml, corresponding to a range in serum concentration of from 81 mg% to 638 mg%, respectively. For comparison, the mean and standard deviation of this lipoprotein class for a series of 32 normal non-fasting males, ages 35 to 49, was found to be 173 f 124 mg%. It should be emphasized that lipoprotein abnormalities, such as may be found in certain pathological sera, might alter the lipoprotein specific refractive increment. Table 2 shows a comparison of 30 serum analyses by both analytic ultracentrifugation and refractometric determinations. The mean total low-density values (TLD) obtained by the two methods agree closely, which suggests that there are minimal optical dispersion effects and differences between the methods. Also, these data indicate that in the sera studied the concentrations of Sf 400-105 lipoproteins were low. The higher VLD lipo- VLD samples analyzed at both 3 C, and 6 C,, the standard error of measurement was 6 mg%. The mean value in both series of analyses was 174 mg%. This accuracy and reproducibility compares favorably with that observed for lipoproteins determined by analytic ultracentrifugal analysis (2).
RESULTS
In a series of 32 non-fasting normal males, ages 35 to 49, the relationships between concentrations of the various total serum lipid classes and the low-density lipoproteins determined by refractometry are shown in Table 5 . For this same series, Table 6 shows the mean levels, standard deviations, and standard errors (of the mean) for all the lipid and lipoprotein measurements. It should be pointed out that differences in methodology between chemical procedures commonly used and our infrared technique may slightly alter the levels of each lipid constituent analyzed but would not be expected to alter the relationships observed between the lipoproteins and the various serum lipid classes.
DISCUSSION
It is evident that the refractometric determination of the low-density lipoproteins is not entirely equivalent to an analytical ultracentrifugal determination. In the first place, lipoproteins above Sf 400, although usually present at relatively low abundance, are measured by refractometry but are not customarily measured by analytic ultracentrifugation. On the other hand, the more subtle features of the entire low-density lipoprotein distribution, revealed in detail with an analytic ultracentrifuge determination, are not obtained with refractometry. Further, certain discrepancies still exist in the determination of the low-density lipoproteins by refractometry and by analytic ultracentrifugation. Such small discrepancies may be due in part to the presence of non-migrating lipoproteins in each of the lipoprotein fractions, thus giving an apparently lower concentration of lipoproteins detected by the Schlieren optical system. Further, some small dispersion effects may be anticipated in that refractive index measurements with the precision AbbC are made with the NaD,,, lines (5890A and 5896A), whereas the analytic Schlieren diagram giving dn/dx (and by integration total lipoprotein An) is obtained primarily with the green line of the Hg arc (5461A). Despite these small discrepancies, however, the principal low-density lipoproteins may be measured refractometrically and compared to analytic ultracentrifuge values even in the absence of a full theoretical explanation of these differences. The comparison of lipoprotein values with the serum levels of glycerides, cholesterol, phospholipids, and total gravimetric lipid provides additional insight into the interrelationships between the serum lipids and the two major low-density lipoprotein groups. Several of these relationships are worthy of comment. Of particular interest is the very high correlation coefficient (r = 0.99) between the VLD lipoproteins and the total level of serum glycerides. Although, in the normal males studied, approximately 70% of serum glycerides are carried by this lipoprotein group, the correlation seem unusually high. For comparison, approximately 70% of the serum cholesterol is carried by the TLD lipoproteins, yet the correlation between these lipoproteins and serum cholesterol is only 0.73. Further, the correlation between the major cholesterol-bearing Sf 0-20class (TLD -VLD lipoproteins) and the total serum cholesterol is 0.86. Therefore, it would appear that with the exception of serum glycerides, the relationships between serum lipid values and the low-density lipoproteins are not simple ones.
